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Glutamine metabolism is crucial for cancer cell growth via the generation of intermediate molecules in the tricarboxylic
acid (TCA) cycle, antioxidants and ammonia. The goal of the current study was to evaluate the effects of glutamine on
metabolism in the breast cancer tumor microenvironment, with a focus on autophagy and cell death in both epithelial
and stromal compartments. For this purpose, MCF7 breast cancer cells were cultured alone or co-cultured with non-
transformed fibroblasts in media containing high glutamine and low glucose (glutamine +) or under control conditions,
with no glutamine and high glucose (glutamine –). Here, we show that MCF7 cells maintained in co-culture with
glutamine display increased mitochondrial mass, as compared with control conditions. Importantly, treatment with the
autophagy inhibitor chloroquine abolishes the glutamine-induced augmentation of mitochondrial mass. It is known that
loss of caveolin-1 (Cav-1) expression in fibroblasts is associated with increased autophagy and an aggressive tumor
microenvironment. Here, we show that Cav-1 downregulation which occurs in fibroblasts maintained in co-culture
specifically requires glutamine. Interestingly, glutamine increases the expression of autophagy markers in fibroblasts, but
decreases expression of autophagy markers in MCF7 cells, indicating that glutamine regulates the autophagy program in
a compartment-specific manner. Functionally, glutamine protects MCF7 cells against apoptosis, via the upregulation of
the anti-apoptotic and anti-autophagic protein TIGAR. Also, we show that glutamine cooperates with stromal fibroblasts
to confer tamoxifen-resistance in MCF7 cancer cells. Finally, we provide evidence that co-culture with fibroblasts
(1) promotes glutamine catabolism, and (2) decreases glutamine synthesis in MCF7 cancer cells. Taken together, our
findings suggest that autophagic fibroblasts may serve as a key source of energy-rich glutamine to fuel cancer cell
mitochondrial activity, driving a vicious cycle of catabolism in the tumor stroma and anabolic tumor cell expansion.

Introduction

Glutamine is a crucial amino acid in cancer cell metabolism. It is
the most abundant free amino acid in plasma and cancer patients
have increased glutamine plasma levels.1 Also, cancer cells show
high glutamine uptake2 and they metabolize glutamine at a much
higher rate than any other aminoacid.3,4 The mechanism(s) by
which glutamine promotes cancer growth are poorly understood.

However, it is known that glutamine plays an important role in
replenishing catabolic and anabolic intermediate metabolites, in
generating antioxidants and modulating autophagy. Rapidly pro-
liferating cells require glutamine and its byproduct a-ketoglutarate
to replenish tricarboxylic acid (TCA) cycle intermediates during
cell growth. For example, in proliferating glioblastoma cells, the
TCA cycle intermediate, oxaloacetate, is derived predominantly
from glutamine.5 Glutamine is also essential in catabolic reactions
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generating ATP, in anabolic reactions for nucleotide and fatty
acid synthesis and in generating the antioxidants NADH and
glutathione.1 Also, ammonia derived from glutamine is an
important diffusible stimulator of autophagy, which could
possibly promote cancer cell survival and increase resistance to
anticancer drugs.6

Glutamine may also be important in tumor progression because
it allows metabolic-coupling between different organ systems and
perhaps between different compartments within a tumor. Despite
having high energetic requirements, tumors excrete large amounts
of energy-rich metabolites, such as glutamine, alanine and lactate.
This may seem metabolically inefficient, but it is now understood
that the release and uptake of these metabolites and their
byproducts between different organs and/or tumor compartments
is energetically efficient and promotes tumor growth.7 For
example, lactate and alanine secreted by tumors are converted
into glucose in the liver by gluconeogenesis (Cori cycle) and
subsequently taken up by cancer cells.8,9 Metabolite transfer and
metabolic-coupling can also occur within the tumor itself.10-13

Cancer-associated fibroblasts or hypoxic epithelial cancer cells
with impaired oxidative phosphorylation secrete lactate that is
then absorbed by epithelial cancer cells with functional mito-
chondria to sustain their oxidative phosphorylation.10,14

We and others have found that the loss of stromal Cav-1 is
associated with poor clinical outcome in breast cancer and
prostate cancer.14-18 Loss of stromal Cav-1 leads to metabolic-
coupling between the epithelial and stromal tumor compartments,
with high secretion of glutamine from the stroma.14,19 Some of the
mechanisms by which a loss of stromal Cav-1 induces metabolic-
coupling and promotes tumor growth have recently been
elucidated. Via the generation of reactive oxygen species (ROS),
epithelial cancer cells induce a loss of Cav-1 in fibroblasts.
Fibroblasts with a loss of Cav-1 display catabolic metabolism with
increased autophagy and mitophagy, impaired mitochondrial
function and release high-energy metabolites (such as lactate) and
macromolecules (such as glutamine and other aminoacids).
Conversely, epithelial cancer cells in proximity to these catabolic
fibroblasts have increased uptake of these high-energy metabolites
to sustain their oxidative metabolism and growth.11,12,19-21

We have previously shown that loss of Cav-1 in the stroma
greatly increases autophagy in fibroblasts with increased secretion
of glutamine and other aminoacids, and increases mitochondrial
mass in adjacent epithelial cancer cells.11,12,19 Since glutamine is
essential for cancer metabolism and glutamine-derived ammonia
is a stimulator of autophagy, we aimed to investigate the effects of
glutamine on fibroblast and epithelial cancer cell autophagy, cell
survival and bioenergetics in a well-characterized epithelial-
stromal model of breast cancer.

Here, we demonstrate that glutamine exerts different metabolic
effects on the epithelial and stromal tumor compartments. We
show that glutamine generates aggressive tumor cells with higher
mitochondrial mass and decreased autophagy, and transforms the
stroma into a tumor-promoting state, with a loss of Cav-1 and
increased autophagy. Therefore, glutamine-induced autophagy in
fibroblasts promotes mitochondrial biogenesis in epithelial cancer
cells. Autophagy inhibitors such as chloroquine are a promising

treatment strategy for tumors with high glutamine uptake and
high stromal autophagy, since they would metabolically uncouple
cancer cells and fibroblasts, and reduce mitochondrial oxidative
activity in the epithelial cancer cells.

Results

In a coculture model, glutamine increases mitochondrial mass
in MCF7 cells and decreases Cav-1 expression in fibroblasts.
To evaluate the effects of glutamine in the tumor microenviron-
ment, we used a coculture model system comprised of (1) human
fibroblasts immortalized with the telomerase catalytic domain
(hTERT-BJ1 fibroblasts), and (2) human breast cancer cells
(MCF7). We are able to distinguish the two cell populations by
using antibodies against cytokeratins 8/18 (K8/18) which are
only expressed in MCF7 cells. Cells were maintained under two
different culture conditions: (1) high glutamine with low glucose
media [called thereafter glutamine (+) or high glutamine media,
containing 10 mM glutamine and 5 mM glucose], and (2) high
glucose with no glutamine media [called hereafter glutamine (–)
or high glucose media, containing 0 mM glutamine and 25 mM
glucose].

To visualize mitochondrial mass, we employed an antibody
that stains the intact mitochondrial membrane and whose expres-
sion correlates with mitochondrial activity.22 Figure 1A shows
that the mitochondrial mass is specifically increased in MCF7 cells
in coculture maintained in high glutamine media, as compared
with no glutamine media. Importantly, the mitochondrial mass is
augmented specifically in the epithelial cancer cells, but not in the
fibroblast compartment. Therefore, mitochondrial biogenesis
appears to be regulated by glutamine in a compartment-specific
manner. As critical negative controls, homotypic cultures of
fibroblasts and MCF7 cells were maintained in parallel in high
glutamine media and stained with the intact mitochondria
membrane antibody. Figure 1B shows that under these condi-
tions, the mitochondrial mass is slightly higher in fibroblasts than
in MCF7 cells, suggesting that the glutamine-induced augmen-
tation of MCF7 cell mitochondria mass requires the presence of
fibroblasts.

We next assessed if glutamine modulates Cav-1 expression in
this fibroblast-MCF7 cell coculture system. Figure 2 shows that
Cav-1 expression is decreased in the fibroblasts of cocultures
maintained in a high glutamine media, as compared with the
fibroblasts of cocultures maintained in media without glutamine.
It has previously been shown that a loss of stromal Cav-1 increases
(1) the secretion of glutamine,19 and (2) the mitochondrial mass
and activity of adjacent epithelial cancer cells.11 Thus, our results
suggest that fibroblast-derived glutamine may directly increase the
mitochondrial mass of epithelial cancer cells.

Coculture with fibroblasts promotes glutamine catabolism,
but decreases glutamine synthesis in MCF7 cancer cells. Our
data indicate that fibroblasts may generate glutamine that is
absorbed by adjacent cancer cells to increase their mitochondrial
mass. We reasoned that if fibroblasts are a source of glutamine,
then the presence of fibroblasts may be sufficient to reduce
glutamine neogenesis in adjacent cancer cells. To this end, we
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evaluated the expression of glutamate-ammonia ligase (GLUL) in
MCF7 cells cultured alone or in coculture in high glutamine
media. GLUL is the key enzyme in glutamine neogenesis,
catalyzing the synthesis of glutamine from glutamate and
ammonia. Figure 3A shows that MCF7 cells cultured alone have
high GLUL expression. However, when cocultured with
fibroblasts, MCF7 cells display a significant decrease in GLUL
expression, suggesting that fibroblasts induce the downregulation
of GLUL in MCF7 cells. As fibroblasts lacking Cav-1 display
increased glutamine secretion, the decreased glutamine synthesis
in cocultured MCF7 cells suggests the transfer of glutamine from
fibroblasts to MCF7 cells.

We then investigated if the presence of fibroblasts stimulates
glutamine catabolism in adjacent cancer cells. To this end, the
expression of glutaminase (GLS) and glutamate dehydrogenase 1
(GLUD1) was assessed in MCF7 cells cultured alone or in
coculture in high glutamine media. GLS and GLUD1 are
mitochondrial enzymes that catalyze the first and second step
of glutamine catabolism, respectively. GLS catalyzes the conver-
sion of glutamine to glutamate, while GLUD1 catalyzes the
deamination of glutamate to a-ketoglutarate and ammonia. As
a-ketoglutarate is an intermediate of the TCA cycle, glutamine
catabolism directly fuels mitochondrial activity. Figure 3B and C
shows that GLS and GLUD1 are both greatly upregulated in
cocultured MCF7 cells as compared with MCF7 cells alone,
suggesting that fibroblasts promote the catabolism of glutamine in
cancer cells.

Figure 1. Glutamine increases the mitochondrial mass of MCF7 cells cocultured with fibroblasts. (A) Fibroblast-MCF7 cell cocultures were maintained in
media containing high glutamine (right) or no glutamine (left) for 5 d. Cells were then fixed and immuno-stained with antibodies directed against the
intact mitochondrial membrane (red) and K8/18 (green). Nuclei were counterstained with DAPI (blue). The upper panels show the mitochondrial staining
(red channel). The bottom panels show the K8/18 staining (green channel) to identify the MCF7 cell population. Note that high glutamine increases
the mitochondrial mass specifically in MCF7 cells as compared with cocultures maintained without glutamine. However, glutamine does not promote
mitochondrial biogenesis in the fibroblasts. Original magnification, 40x. (B) Fibroblasts and MCF7 cells were maintained as single cell-type cultures in
high glutamine media for 5 d. Cells were fixed and immunostained with antibodies directed against the intact mitochondrial membrane (red) and K8/18
(green). Nuclei were counter-stained with DAPI (blue). The upper panels show the mitochondrial staining (red). The bottom panels show K8/18 staining
(green) labeling MCF7 cells. Note that when cultured as single cell-types in high glutamine conditions, the mitochondrial mass is slightly higher in
fibroblasts than in MCF7 cells. Original magnification, 40x.

Figure 2. Glutamine induces the downregulation of Cav-1 in the
fibroblast compartment. MCF7 cells and fibroblasts were cocultured for
5 d in media containing either high glutamine (right) or no glutamine
(left). Cells were fixed and immunostained with antibodies against Cav-1
(red) and K8/18 (green). Nuclei were counter-stained with DAPI (blue).
K8/18 staining is specific for MCF7 cells and Cav-1 is specific for
fibroblasts since MCF7 cells lack Cav-1 expression. Note that Cav-1
expression is decreased in the fibroblast compartments of samples
cultured with high glutamine, compared with no glutamine media.
Original magnification, 40x.
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We also evaluated if the presence of fibroblasts modulates the
expression of key glutamine transporters. To this end, we deter-
mined the expression of SLC6A14 and SLC7A5 in MCF7 cells
cultured alone or in coculture in high glutamine media. SLC6A14
mediates the uptake of glutamine, while SLC7A5 mediates
the efflux of glutamine to the extracellular space. Interestingly,
Figure 4A shows that SLC6A14 is greatly upregulated in
cocultured MCF7 cells as compared with MCF7 cells alone,
suggesting that the presence of fibroblasts stimulates the uptake of
glutamine in cancer cells. Conversely, Figure 4B shows that
SLC7A5 is downregulated in cocultured MCF7 cells as compared
with MCF7 cells alone, suggesting that the presence of fibroblasts
inhibits the cellular efflux of glutamine in cancer cells.

The autophagy inhibitor chloroquine blocks glutamine-
induced mitochondrial biogenesis in MCF7 cells. We next
investigated if autophagy plays a role in the glutamine-induced
augmentation of MCF7 cell mitochondrial mass. Previous studies
have shown that a loss of stromal Cav-1 induces autophagy
and glutamine production,19 and glutamine is a stimulator of
autophagy.6 To disrupt this feed-forward mechanism, fibroblast-
MCF7 cell cocultures were maintained in high glutamine media
and were treated with the autophagy inhibitor chloroquine. To
visualize the mitochondrial mass in the epithelial and stromal
compartments, samples were immunostained with an antibody
against the intact mitochondrial membrane. Figure 5A shows that
treatment with chloroquine strongly reduces glutamine-induced

Figure 3. MCF7 cells in coculture show increased glutamine catabolism, but decreased glutamine synthesis. To evaluate glutamine metabolism, MCF7 cells
were cultured alone or with fibroblasts for 5 d in high glutamine media. Then, cells were fixed and immunostained with antibodies against K8/18 (green) and
GLUL (A, red) or GLS (B, red) or GLUD1 (C, red). Nuclei were counter-stained with DAPI (blue). K8/18 was used to distinguish MCF7 cells from fibroblasts.
(A) Glutamine neosynthesis is decreased in MCF7 cells in coculture. GLUL catalyzes the synthesis of glutamine from glutamate and ammonia. Note that GLUL
is highly expressed in single cultures of MCF7 cells. However, GLUL expression is decreased in MCF7 cells cultured with fibroblasts. (B and C) Glutamine
catabolism is increased in MCF7 cells in coculture. GLS (B) and GLUD1 (C) catalyze the first and second steps respectively of the catabolism of glutamine. Note
that both GLS and GLUD1 are upregulated in MCF7 cells in coculture, compared with MCF7 cells alone. Original magnification, 40� for all.
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mitochondrial biogenesis in epithelial cancer cells in coculture.
No significant changes were observed in the mitochondrial mass
of fibroblasts in coculture upon chloroquine treatment. These
results suggest that glutamine-induced mitochondrial biogenesis
in epithelial cancer cells in coculture is due to elevated autophagy
in the fibroblasts.

To evaluate if increased autophagy of the stromal cells confers a
growth advantage to cancer cells, MCF7 cells were cultured alone
or cocultured with fibroblasts in high glutamine media in the
presence of chloroquine or vehicle alone (CTRL). Apoptosis was
then measured with propidium iodide (PI) staining. Figure 5B
shows that chloroquine does not induce apoptosis in MCF7 cells
cultured alone, but induces a 1.8-fold increase in the apoptosis of
MCF7 cells cocultured with fibroblasts. These results suggest that
increased autophagy in stromal cells normally protects cancer cells
against apoptosis.

Glutamine increases autophagy in fibroblasts, but decreases
autophagy in cancer cells. In order to directly assess if glutamine
induces autophagy in a compartment-specific manner, cultures of
fibroblasts alone or MCF7 cells alone were incubated in media
containing high glutamine or no glutamine. Cells were then
analyzed by immuno-blot analysis using a panel of autophagy
markers. Figure 6A shows that high glutamine media strongly
increases the expression of autophagy markers (Lamp-1 and
cathepsin B) in fibroblasts. However, MCF7 cells cultured in high
glutamine media show just the opposite results, with decreased
expression of autophagy markers, Lamp-1 and Beclin-1 (Fig. 6B).
These results clearly indicate that glutamine differentially modulates
autophagy in a cell-type and compartment-specific manner.

Glutamine protects MCF7 cells from apoptosis, with
increased TIGAR expression. To determine if high glutamine

confers a functional advantage in epithelial cancer cells, we next
evaluated the apoptotic rates of MCF7 cells alone, maintained in
high glutamine or high glucose media. To this end, the percentage
of MCF7 cells that are positive for Annexin V (a marker of early
and late apoptosis) and PI (a marker of late apoptotic and dead
cells) was measured under these conditions. Interestingly, MCF7
cells cultured with high glutamine display a 2-fold decrease in
apoptosis, as measured by the percentage of Annexin V positive
cells, compared with cells cultured with high glucose (Fig. 7A,
left). Similarly, MCF7 cells with high glutamine show a 1.7-fold
decrease in total cell death as measured by the percentage of cells
that are Annexin V positive and/or uptake PI (Fig. 7A, right).
Thus, glutamine protects MCF7 cells against apoptosis. These
findings are consistent with our previous studies showing that
fibroblasts with Cav-1 downregulation secrete more glutamine
and also protect MCF7 cells from apoptosis.23

To investigate the mechanism(s) by which glutamine protects
MCF7 cells from apoptosis, we assessed the expression of the
protein TIGAR in MCF7 cells cultured with high glutamine
media or high glucose media. TIGAR is a multi-functional
protein that inhibits glycolysis, apoptosis and autophagy. Western
blot analysis shows that TIGAR expression is greatly increased in
MCF7 cells cultured with glutamine, compared with cells
cultured without glutamine (Fig. 7B). These results indicate that
upregulation of TIGAR may be one of the mechanism by which
glutamine protects epithelial cancer cells against apoptosis.

Glutamine and fibroblasts co-operate to protect MCF7 cells
against tamoxifen-induced cell death. We have previously shown
that fibroblasts confer tamoxifen-resistance in MCF7 cells.24 We
next evaluated if glutamine and fibroblasts cooperate to protect
MCF7 cells against tamoxifen-induced cell death. To this end,

Figure 4. MCF7 cells in coculture show increased expression of the transporter for glutamine uptake, but decreased expression of the transporter for
glutamine extrusion. MCF7 cells were cultured alone or with fibroblasts for 5 d in high glutamine media. Then, cells were fixed and immunostained with
antibodies against K8/18 (green) and SLC6A14 (A, red) or SLC7A5 (B, red). Nuclei were counter-stained with DAPI (blue). K8/18 was used to distinguish
MCF7 cells from fibroblasts. Note that SLC6A14, the transporter that facilitates glutamine uptake, is highly upregulated in MCF7 cells in coculture,
compared with MCF7 cells alone. Conversely, SLC7A5, the transporter that facilitates glutamine extrusion, is greatly decreased in MCF7 cells in coculture,
compared with MCF7 cells alone. Original magnification, 40x.

www.landesbioscience.com Cancer Biology & Therapy 1089



MCF7 cells in homotypic culture or cocultured with fibroblasts
were maintained under either high glutamine or no glutamine
conditions for 4 d. Then, the cells were treated with tamoxifen
(12 mM) or vehicle alone (CTR) for 24 h. Apoptosis was
measured with annexin V and PI staining. Figure 8A and B show
the percentage of apoptotic or deadMCF7 cells (Annexin V positive
and/or PI positive). Note that for simplicity of explanation, the same
graph is shown twice in panel Figure 8A and B.

Figure 8A shows that MCF7 cells cultured alone with high
glutamine display a 3.3-fold decrease in apoptosis compared with
cells cultured with no glutamine (first and second bars). Interest-
ingly, MCF7 cell tamoxifen-induced apoptosis is decreased by
1.5-fold under high glutamine conditions, as compared with no

glutamine (third and fourth bars), suggesting that high glutamine
protects MCF7 cells from tamoxifen-induced apoptosis.

We then evaluated the combined effects of glutamine and
fibroblasts. Interestingly, under untreated conditions (CTR),
cocultured MCF7 cells with high glutamine show a 1.9-fold
decrease in apoptosis compared with cells cultured with no
glutamine (fifth and sixth bar). Moreover, high glutamine greatly
protects cocultured MCF7 cells against tamoxifen-induced
apoptosis. Note that upon tamoxifen treatment, cocultured
MCF7 cells in high glutamine show a 3.4-fold decrease in
apoptosis compared with cells cultured with no glutamine
(seventh and eighth bars). These results indicate that high gluta-
mine protects MCF7 cells from tamoxifen-induced apoptosis,

Figure 5. Chloroquine abolishes the glutamine-induced increase in mitochondrial mass in cocultured MCF7 cells, and augments apoptosis.
(A) Fibroblasts were cocultured with MCF7 cells for 4 d in high glutamine media. Then, cells were treated either with 25 mM chloroquine (right) or vehicle
alone (left) for 24 h. Cells were fixed and immunostained with antibodies against K8/18 (green) and the intact mitochondrial membrane (red). Nuclei
were counter-stained with DAPI (blue). K8/18 specifically stains MCF7 cells (lower panels). The upper panels show the red channel only. Note that
chloroquine treatment abolishes the glutamine-induced increase of mitochondrial mass of cocultured MCF7 cells. Original magnification, 40x. (B) MCF7
cells were cultured alone or in coculture with fibroblasts in the presence of chloroquine or vehicle alone (CTRL) under high glutamine conditions.
Apoptosis was measured with PI staining. The percentage of apoptotic MCF7 cells (PI positive) is shown. Note that chloroquine does not induce
apoptosis in MCF7 cells cultured alone, but does induce a 1.8-fold increase in apoptosis in MCF7 cells cocultured with fibroblasts.
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and that glutamine and fibroblasts co-operate to induce tamoxifen
resistance.

Figure 8B further illustrates that fibroblasts cooperate with
glutamine to confer tamoxifen-resistance. In untreated control
conditions (CTR), cocultured MCF7 cells maintained with
glutamine show a 1.5-fold reduction in apoptosis compared with
MCF7 cells alone (second and sixth bars). However, upon
tamoxifen treatment in the presence of glutamine, fibroblasts
induce a 4.3-fold decrease in MCF7 cell apoptosis (fourth and
eighth bars). Taken together, these results clearly demonstrate that
metabolic re-arrangements in the tumor microenvironment may
drive tamoxifen-resistance.

Most remarkably, in the absence of glutamine, . 85% of the
MCF7 cells undergo apoptosis in response to tamoxifen treatment
(Fig. 8, panels A and B). In contrast, in the presence of glutamine
and stromal fibroblasts, . 85% of the MCF7 cells are protected
against tamoxifen, and fail to undergo apoptosis (compare the
third and eighth bars in Fig. 8). Thus, tamoxifen-resistance may
be a metabloic/stromal phenomenon, conferred by glutamine and
autophagic host fibroblasts.

Discussion

The current study shows that the effects of glutamine in the
tumor microenvironment are compartment-specific. In the tumor
epithelial compartment, glutamine augments mitochondrial
biogenesis, decreases autophagy and protects cancer cells from
apoptotic cell death, with the upregulation of TIGAR expression.
However, glutamine has opposite effects in the stromal compart-
ment, by decreasing Cav-1 expression and increasing stromal
autophagy.

Based on these and other supporting data, we propose a
working model in which metabolic-coupling occurs between

epithelial cancer cells and the tumor stroma. This working model
(Fig. 9) indicates that cancer-associated fibroblasts (CAFs)
undergo an autophagic program, leading to the generation and
secretion of high glutamine levels into the tumor microenviron-
ment. Cancer cells then take up glutamine and convert it to
glutamate and ammonia. Glutamate is further catabolized to
a-ketoglutarate, which then enters the TCA cycle and increases
the mitochondrial activity of epithelial cancer cells. Epithelial
cancer cells are protected from autophagy and apoptosis by the
upregulation of the autophagy inhibitor TIGAR. The other
byproduct, ammonia, freely diffuses into the microenvironment,
and stimulates autophagy and glutamine production in CAFs.
Finally, the use of autophagy inhibitors such as chloroquine can
uncouple the epithelial and stromal compartments, driving a
decrease in epithelial mitochondrial activity.

Interestingly, our newly proposed model of metabolic-coupling
between epithelial and stromal cancer cells dramatically resembles
a well-accepted physiological process, known as the glutamate-
glutamine cycle in the brain.25-29 In the central nervous system,
neurons are metabolically coupled to astrocytes. Astrocytes are
responsible to provide neurons with the glutamate-precursor
glutamine and with lactate, which is used by neuronal cells as
preferred energy substrates. The export of glutamine from astro-
cytes and the uptake of glutamine by neurons are integral steps of
the glutamate-glutamine cycle. Thus, astrocytes avidly accumulate
glutamate by the high affinity transporter GLT1, and glutamine
synthase (GLUL) activity is confined almost exclusively in
astrocytes.25 Conversely, neurons take up glutamine and express
glutaminase (GLS) that catalyzes the hydrolysis of glutamine to
glutamate.25 Thus, cancer cells may be able to imitate and exploit
a known physiological process to sustain their growth.

Our results are also consistent with observations made in cancer
patients with cachexia. Autophagy in the skeletal muscle of cancer

Figure 6. Glutamine decreases autophagy in MCF7 cells, but increases autophagy in fibroblasts. Single cultures of fibroblasts (A) and MCF7 cells (B) were
incubated with high glutamine or no glutamine media for 3 d. Cells were then lysed and subjected to immuno-blot analysis with a panel of autophagy
markers. Equal loading was assessed by b-actin immunoblotting. Note that high glutamine strongly induces the expression of autophagy markers
(Lamp-1 and Cathepsin B) in the fibroblasts (A). However, high glutamine decreases the expression of autophagy markers (Beclin-1 and Lamp-1) in MCF7
cells (B). These results suggest that the glutamine-mediated effects on autophagy are compartment-specific.
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patients with cachexia is well described, and is believed to
promote tumor growth. In fact, more than 90% of the body’s
glutamine is stored in the muscle and glutamine is the main
aminoacid excreted from muscle under catabolic stress conditions.
The presence of tumors leads to increased glutamine excretion
from muscle.30,31 The glutamine-generating enzyme glutamate
ammonia ligase (GLUL) is also increased in patients with
cachexia.1 Therefore, there is a strong suggestion that in patients
with cancer-induced cachexia, metabolic coupling occurs system-
ically between muscle and epithelial cancer cells. Glutamine
secretion is increased in the muscle, and conversely, high
glutamine uptake occurs in cancer cells, which then generate
ammonia. Ammonia diffuses out of cancer cells, and then pro-
motes an autophagic microenvironment, further fueling catabo-
lism and cachexia.

Our results indicate that the glutamine neosynthesis is
decreased (as judged by GLUL staining), while glutamine
catabolism is increased (as judged by GLS and GLUD1 staining)
in epithelial cancer cells cocultured with fibroblasts, suggesting
that stromal cells are a major source of glutamine in the tumor
microenvironment. Consistent with this proposal, the expression
of the transporter for the glutamine uptake, SLC6A14, is largely
confined to epithelial cancer cells under coculture conditions.
Future studies are warranted to assess glutamine metabolism in
the epithelial and stromal compartments of patients with cancer-
induced cachexia.

Not only are glutamine levels high in cancer patients, but cancer
cells also exhibit high glutaminase (GLS) activity32 and GLS levels
correlate with tumor proliferation.33,34 Importantly, pharmacologic
inhibition of GLS reduces oncogenic transformation.35 Some studies

Figure 7. Glutamine protects MCF7 cells against apoptosis, with increased TIGAR expression. MCF7 cells were cultured alone in media containing high
glutamine or high glucose (without glutamine) for 3 d. (A) Apoptosis was measured with annexin V and PI staining. The left graph shows the percentage
of Annexin V-positive cells (early and late apoptosis). The right graph shows the percentage of total cell death (Annexin V-positive and/or PI-positive).
Note that MCF7 cells cultured alone with high glutamine show an up to 2-fold decrease in apoptosis, as compared with MCF7 cells maintained in high
glucose media. P values are as shown. (B) Cells were lysed and subjected to immuno-blot analysis with antibodies directed against the anti-apoptotic
protein TIGAR. Equal loading was assessed by b-actin immunoblotting. Note that high glutamine increases the expression of TIGAR in MCF7 cells,
compared with high glucose media.
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Figure 8. Glutamine protects MCF7 cells from tamoxifen-induced apoptosis. MCF7 cells either in homotypic culture or cocultured with fibroblasts were
maintained either in high glutamine (Gln) or no glutamine conditions for 4 d. Then, cells were treated with tamoxifen (12 mM) or vehicle alone (CTR) for 24 h.
Apoptosis was measured with annexin V and PI staining. The percentage of apoptotic or dead MCF7 cells (Annexin V positive and/or PI positive) is shown.
(A and B) For simplicity of explanation, the same graph is shown twice in (A and B). (A) MCF7 cells alone. MCF7 cells alone culturedwith high glutamine show a
3.3-fold decrease in apoptosis compared with cells cultured with no glutamine (first and second bars). Interestingly, high glutamine protects MCF7 cells from
tamoxifen-induced apoptosis. Note that MCF7 cell tamoxifen-induced apoptosis is decreased by 1.5-fold in high glutamine conditions, as compared with no
glutamine (third and fourth bars). Cocultured MCF7 cells. Note that under untreated conditions, cocultured MCF7 cells with high glutamine show a 1.9-fold
decrease in apoptosis compared with cells cultured with no glutamine (fifth and sixth bars). However, high glutamine greatly protects cocultured MCF7 cells
against tamoxifen-induced apoptosis. Note that upon tamoxifen treatment, cocultured MCF7 cells in high glutamine show a 3.4-fold decrease in apoptosis,
compared with cells cultured with no glutamine (seventh and eighth bars). These results indicate that glutamine protects MCF7 cells from tamoxifen-induced
apoptosis, and that glutamine and fibroblasts cooperate to confer tamoxifen-resistance. P values are as shown. (B) Fibroblasts cooperate with glutamine to
confer tamoxifen-resistance. In untreated control conditions (CTR), cocultured MCF7 cells maintained with glutamine show a 1.5-fold reduction in apoptosis
compared with MCF7 cells alone (second and sixth bars). However, upon tamoxifen treatment in the presence of glutamine, fibroblasts induce a 4.3-fold
decrease in MCF7 cell apoptosis (fourth and eighth bars). P values are as shown.
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have also shown that the downregulation of GLUL, a key enzyme
in glutamine synthesis, correlates with a worse prognosis in some
tumors.36,37 Accordingly, our data indicate that when cocultured
with fibroblasts under conditions that better mimic the tumor
microenvironment, cancer cells display the downregulation of
GLUL, suggesting a decreased need for glutamine neogenesis,
and increase GLS and GLUD1, two key enzymes in glutamine
catabolism. It will be important to evaluate the prognostic value
of GLS and GLUL in the different tumor compartments (stromal
vs. epithelial), especially as this relates to tumor progression.

The current study also sheds new lights on the mechanism(s)
by which glutamine promotes tumor growth. Our data indicate
that glutamine modulates Cav-1 expression in stromal cells. High
glutamine induces autophagy and loss of Cav-1 in the stroma.
We have previously shown that a loss of stromal Cav-1 is
sufficient to increase the generation of ROS, increases autophagy
and decreases mitochondrial mass in fibroblasts.12 In addition,
Cav-1 (2/2) null stromal tissue secretes high levels of gluta-
mine.19 Hence, both glutamine and a loss of Cav-1 increase
autophagy in fibroblasts. Our findings are also consistent with
previous studies showing that in astrocytes, the glutamine
byproduct ammonia induces ROS and autophagy.38,39 The
finding that glutamine induces Cav-1 downregulation in the
fibroblasts cocultured with cancer cells is of critical importance
to understand breast tumorigenesis. In fact, loss of Cav-1
expression in cancer-associated fibroblasts is a marker of a lethal
tumor-promoting microenvironment, associated with poor pro-
gnosis in breast cancer patients.40,41

Functionally, we show that glutamine and fibroblasts cooperate
to sustain high mitochondrial activity in epithelial cancer cells and
to protect epithelial cancer cells from autophagy and apoptotic cell
death. Importantly, we also show that glutamine and stromal cells
act synergistically to confer tamoxifen-resistance. Mechanistically,
glutamine leads to decreased autophagy in the epithelial cancer
cells with the upregulation of TIGAR. Previous studies have
shown that the protein TIGAR inhibits glycolysis, apoptosis and
autophagy and protects cells from oxidative stress.42,43

Our findings are consistent with a previous report showing
that glutamine-derived ammonia does not alter mitochondrial
activity and membrane polarity in the epithelial tumor com-
partment.6 It was also shown that the addition of glutamine
or a-ketoglutarate protects epithelial cells from TNF-induced
cell death.6

It is well-known that the oncogene c-Myc regulates glutamine
metabolism. c-Myc via miR23a/b leads to increased glutaminase
activity,4 and increased expression of glutamine transporters.44

Also, by increasing glutamine metabolism, c-Myc protects trans-
formed cells from apoptosis.45 It has been difficult to reconcile
under the conventional Warburg Effect framework that c-Myc
promotes aerobic glycolysis, glucose uptake46 and causes decreased
mitochondrial function, and that at the same time promotes
glutamine metabolism, leading to increased mitochondrial
function. It is possible that in a subset of tumors, epithelial
cancer cells with upregulation of c-Myc have increased uptake of
glutamine with the generation of a-ketoglutarate and ammonia.
a-Ketoglutarate then promotes mitochondrial activity in epithelial

Figure 9. Glutamine addiction and stromal autophagy: a vicious cycle. Our current data suggest that metabolic-coupling occurs between epithelial
cancer cells and stromal cells. Cancer-associated fibroblasts undergo an autophagic program, leading to the generation and secretion of high glutamine
levels into the tumor microenvironment. Cancer cells accumulate glutamine and convert it to glutamate and ammonia. Glutamate is further catabolized
to a-ketoglutarate, which enters the TCA cycle and increases the mitochondrial activity of epithelial cancer cells. Epithelial cancer cells are protected from
apoptosis by the upregulation of TIGAR, an endogenous inhibitor of glycolysis, apoptosis and autophagy. The other glutamine byproduct, ammonia,
freely diffuses into the microenvironment, and induces autophagy and glutamine production in CAFs. Finally, the use of autophagy inhibitors
such as chloroquine can uncouple the epithelial and stromal compartments, resulting in decreased mitochondrial activity in epithelial cancer cells
(Figs. 1A and 5A).

1094 Cancer Biology & Therapy Volume 12 Issue 12



cells, while ammonia diffuses out of the cancer cells and is taken
up by the stroma where it promotes autophagy, inhibits
mitochondrial activity and promotes aerobic glycolysis. Further
experiments to evaluate if c-Myc plays a role in this type of
metabolic-coupling will be required.

In conclusion, our study uncovers a novel role for glutamine
metabolism in the regulation of autophagy in the tumor micro-
environment, and clearly shows that glutamine differentially
affects individual cell-types within the tumor microenvironment.
In tumor epithelial cells, glutamine augments mitochondrial
biogenesis, decreases autophagy and protects against apoptosis.
By contrast, glutamine increases autophagy and decreases Cav-1
expression in the tumor stromal compartment.

Materials and Methods

Materials. Antibodies used were as follows: Beclin-1 (Novus
Biologicals, NBP1-00085), Cathepsin B (Santa Cruz Biotech,
sc-13985), caveolin-1 (Santa Cruz Biotech, sc-894), Cytokeratin
8/18 (Fitzgerald Industries International, 20R-CP004), GLS
(Proteintech, 12855-1-AP), GLUD1 (Abnova, H00002746-
M01), GLUL (glutamate-ammonia ligase, Sigma, HPA007316),
Lamp-1 (Santa Cruz Biotech, E5 sc-17768), mitochondrial
intact surface antibody (Chemicon International, MAB1273),
SLC6A14 (Sigma Prestige, HPA003193), SLC7A5 (Abnova,
MAB1711), TIGAR (Abcam, ab37910). Drugs, media and
reagents were as follows: Chloroquine (Sigma, C6628), 4,6-
diamidino-2-phenylindole (DAPI) (D3571), Tamoxifen (Sigma),
Prolong Gold Antifade mounting reagent (Invitrogen, P36930),
GlutaMAX-1 (Gibco, 35050), D-(+)-Glucose solution (Sigma,
G8769), RPMI-1640 without L-Glutamine and Glucose (MP
Biomedicals, C1601), Annexin V-APC (BD, 550474), propidium
iodide (Invitrogen, P21493).

Cell cultures. The human breast adenocarcinoma cell line
(MCF7 cells) was purchased from ATCC. Human skin fibroblasts
immortalized with human telomerase reverse transcriptase
(hTERT-BJ1) were originally purchased from Clontech, Inc.
Both cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% Fetal Bovine Serum and
Penicillin 100 units/mL-Streptomycin 100 mg/mL (Invitrogen) in
a 37°C, 5% CO2 incubator.

Co-culture system. Fibroblasts and MCF7 cells were plated
onto glass coverslips in 12-well plates in 1 mL of growth media.
Cells were seeded at a 3:1 fibroblast to MCF7 cell ratio and the
total number of cells per well was 1 � 105. Cultures of fibroblasts
and MCF7 cells alone were plated in parallel with the same
number of cells of a given type as in coculture (7.5 � 104

fibroblasts and 2.5 � 104 MCF7 cells). After 24 h, the media was
changed to RPMI-1640 without glucose and glutamine containing
10% NuSerum (a low protein alternative to FBS, BD Bioscience)
and 1% Pen-Strep. The media was supplemented either with
25 mM glucose and 0 mM glutamine (High Glucose, or
Glutamine –) or with 10 mM glutamine and 5 mM glucose
(High Glutamine, or Glutamine +). Cells were kept in these media
for 3–5 d. Chloroquine (25 mM) or vehicle alone (control

conditions) was added on the fourth day and mitochondrial mass
and apoptosis were assessed after 24 h. For the tamoxifen experi-
ments, tamoxifen (12 mM) or vehicle alone (control conditions) was
added on the fourth day and apoptosis was assessed after 24 h.

Immunofluorescence. Cells were washed in PBS with 10 mM
CaCl2 and 1 mM MgCl2 three times and fixed with 2% PFA.
After fixation, cells were permeabilized with 0.1% Triton X-100
and 0.2% BSA in PBS for 10 min. For some antibodies, cells were
permeabilized with cold methanol for 10 min. Then, cells were
quenched in PBS with 25 mmol/L NH4Cl for 10 min. After
quenching, cells were rinsed with PBS and then incubated with
the primary antibodies for 1 h. After washing, cells were incubated
with anti-mouse or anti-rabbit secondary fluorochrome con-
jugated antibodies for 30 min. After rinsing with PBS, cells were
stained with DAPI to stain the nucleus and mounted using
Prolong anti-fade reagent.

Confocal microscopy. Images were taken with a Zeiss LSM510
meta confocal system. Images were acquired with a 40� objective
with a 405 nM Diode excitation laser with a band pass filter of
420–480 nm, a 488 nm Argon excitation laser with a band pass
filter of 505–550, and a 543 nm HeNe excitation laser with a
561–604 nm filter.

Western blot analysis. Cells were washed with cold PBS and
harvested into cold lysis buffer (10 mM TRIS-HCl, pH 7.5,
150 mM NaCl, 1% Triton X-100, 60 mM octyl-glucoside), with
protease inhibitors (Roche Applied Science) and phosphatase
inhibitors (Roche Applied Science). After rotating for 40 min at
4°C, samples were centrifuged at 13,000 xg for 15 min to remove
cellular debris. Protein concentrations were determined by BCA
reagent (Pierce). Thirty micrograms of protein were loaded and
separated by 10% acrylamide SDS-PAGE and transferred to a
0.2 mm nitrocellulose membrane (Fisher Scientific). After
blocking in 5% milk buffer for 30 min at room temperature,
membranes were incubated with the primary antibodies for 1 h at
room temperature. Then, the membranes were washed and
incubated with the horseradish peroxidase-conjugated secondary
antibodies for 30 min at room temperature. After washing, the
bound antibodies were visualized with an enhanced-chemilumin-
escence (ECL) substrate.

Annexin-V and propidium iodide cell death detection. Cell
apoptosis was quantified by flow cytometry using PI and Annexin
V-APC, as previously described with minor modifications.24

Briefly, GFP-positive MCF7 cells were plated alone or together
with fibroblasts in 10% FBS DMEM. Next day, the media was
changed to either High Glucose or High Glutamine media. After
3–5 d, cells were collected by centrifugation and re-suspended
in 400 ml of Annexin-V binding buffer with Annexin V-APC
conjugate and propidium iodide. Cells were then incubated in the
dark for 5 min and analyzed by flow cytometry using a PE Texas
Red signal detector (for propidium iodide), an APC signal
detector (for Annexin V), and a GFP signal detector (to select out
the GFP-positive MCF7 cell population).
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